First principles calculations of band energy, density of states and dielectric function of K1.75(NH4)0.25SO4 single crystals in Pnma structure is performed in the framework of density functional theory. In order to describe the exchange-correlation interaction the general gradient approximation and local density approximation are used. Character and genesis of main energy bands of the crystal are discussed and comparison with data set for K2SO4 isomorphic crystal performed. The influence of partial isomorphic substitution K → NH4 found itself mainly in altering the bottom of conduction band and decrease of band gap value. From the dielectric functions dependences, the refractive indices dispersion and absorption coefficient spectra are deduced. Obtained refractive indices satisfactorily agree with experimental data in the visible spectrum region.
Introduction
Crystals of ABSO 4 group, where A and B are alkali metal cations, are of a significant interest due to ability to undergo a richness of phase transitions, their ferroelectric, ferroelastic, superionic, and optical properties. Among the last mentioned ones interesting feature of ABSO 4 group crystals is possibility of existing of isotropic points, when crystal undergoes transition from biaxial to uniaxial or from uniaxial to isotropic. Such crystals can be used as temperature and pressure sensors [1, 2] .
Lately, with an aim of revealing the influence of partial isomorphic substitution K → NH 4 on optical properties of crystals, the K 1.75 (NH 4 ) 0.25 SO 4 single crystal was studied [3] . This one is representative of K 2 SO 4 -(NH 4 ) 2 SO 4 system, which is known to form a continuous series of solid solutions with (K x (NH 4 ] 1−x ) 2 SO 4 , (0 < x < 1) general formula [4] . K 1.75 (NH 4 ) 0.25 SO 4 crystal belongs to Pnma (No.62) space group. Its lattice parameters are equal to: a = 7.5562(3)Å, b = 5.7917(2)Å, c = 10.1016(4)Å, cell volume = 442.08(5)Å 3 [3] . Among the peculiarities of K 1.75 (NH 4 ) 0.25 SO 4 crystals optical properties the abnormal behavior of birefringence dispersion in the direction of perpendicular to optical axes plane, leading to the existence of isotropic point at room temperature not observable for either K 2 SO 4 nor (NH 4 ) 2 SO 4 was found. Such point was reported to occur at the wavelength ≈ 1350nm. Considering that K 1.75 (NH 4 ) 0.25 SO 4 crystal is relatively * corresponding author; e-mail: pavloshchepanskyi@gmail.com mechanically stable and has no phase transitions in a wide temperature region, it was found to be appropriate for practical implementation in crystal optics sensing.
Expanding mentioned study interesting is to investigate the influence of partial isomorphic substitution on electronic properties of crystals and also simulate the optical properties from first principles. Since band structures for K 2 SO 4 [5] crystal is known as well as for other isomorphic crystals of that family, desirable peculiarities can be revealed. Knowing the character of properties changing can help in predicting the most appropriate candidate for practical application of this system. Thus in this work calculations of band structure, density of states and refractive indices spectra of the K 1.75 (NH 4 ) 0.25 SO 4 crystals within the density functional theory (DFT) are performed.
Calculation technique
Calculations of the band structure were carried out self-consistently using the Kohn-Sham formalism within density functional theory (DFT). As input parameters the X-ray analysis data was used [3] . Basis was chosen in a form of plane waves. To describe the exchangecorrelation interaction the exchange-correlation functionals with the generalized gradient approximation (GGA) and local density approximation (LDA) were used. The electron-ion interaction was taken into account as the Vanderbilt ultrasoft pseudopotential. Electronic configuration is H(1s 1 ), N(2s 2 2p 3 ), O(2s 2 2p 4 ), S(3s 2 3p 4 ), K(3s 2 3p 6 4s 1 ).
Convergence processes aiming to find the optimal calculation parameters are presented in Fig.1 . Since total energy for two neighboring convergence points do not differ E total (380) = E total (400) = -13908.09 eV, the maximal kinetic energy of plane waves was limited by the (819) value of 380 eV. In the similar way we have chosen the Monkhorst-Pack 2 × 2 × 1 grid for integration over kpoints of the Brillouin zone (BZ) (E total (2 × 2 × 1) = E total (2 × 3 × 2) = −13907.31 eV), though 2 × 3 × 2 and 3 × 4 × 3 grids were also employed for comparison. Calculations of optical parameters were carried out conventionally using larger grid, namely 3 × 4 × 2. Unit cell and position of atoms were optimized before calculations using the Broyden, Fletcher, Goldfarb and Shanno (BFGS) algorithm. Parameters used for calculations were chosen as follows: criterion for stopping the self-consistency cycle was reaching the convergence with accuracy E = 5.0 × 10 −7 eV per atom; as criteria for obtaining structural geometry of good quality next parameters were used: convergence of the total energy 5.0 × 10 −6 eV per atom, maximum force 0.01 eV/Å, maximum pressure 0.02 GPa, maximum displacement 5.0 × 10 −4 Å.
Structure of the Brillouin zone used for building of the band energy diagram contained special points with next coordinates: Γ (0;0;0), Z(0;0;0.5), T (0;0.5;0.5), Y (0;0.5;0), S(0.5;0.5;0), X(0.5;0;0), U (0.5;0;0.5), R(0.5;0.5;0.5).
Results and discussion

Electronic structure calculations
Experimentally obtained in work [3] unit cell parameters and optimized using BFGS method as well as coordinates of atoms are presented in Tables I and II . One can see that calculated parameters for GGA are slightly higher (∆a ≈ 5.4%, ∆b ≈ 0.7%, ∆c ≈ 3.5%) but close to experimental. Using LDA functional gives relatively better agreement with experiment (∆a ≈ 3.3%, ∆b ≈ 1.7%, ∆c ≈ 1.4%). Optimized volume of unit cell is greater in comparison with experiment for about 9.3% for GGA and 6.6% for LDA. Parameters of the band structure calculated with two sets of grids are presented in Table III . Since the values obtained with larger grid do not reveal significant difference from those obtained using 2 × 2 × 1 grid, the latter is used for band structure analysis in this work. [9] and thus can be qualified as typical for ABSO 4 type crystals. Interesting feature of K 1.75 (NH 4 ) 0.25 SO 4 crystals band structure is visible "splitting" of lowest CB levels not observable for K 2 SO 4 crystal or any studied of this group.
Top of valence band (VB), marked as 0 eV, coincide with the Fermi level E F . The energy band gap of the K 1.75 (NH 4 ) 0.25 SO 4 crystal is of a direct type and corresponds to the optical transitions in the Γ point of the BZ (Figs. 2 and 3) . Obtained E g = 4.80 eV (GGA) and E g = 4.89 eV (LDA) values for the crystal are expectedly lower then calculated for K 2 SO 4 [5] (E g = 5.2 eV) and lie between 4.5 eV energy of optical long-wave absorption edge of the (NH 4 ) 2 SO 4 crystal [10] and 7.2 eV energy of similar edge for the K 2 SO 4 crystal [11] . However they are for about 2 eV underestimated due to known features of DFT method. Obtained results allow us to assume that the fundamental absorption edge is associated with direct transitions between the top of VB and the bottom of CB at Γ point, the center of the Brillouin zone.
Total density of electronic states N (E) and partial density of states (PDOS), with the contributions of individ-ual atoms, are calculated for band-energy diagram E(k) of K 1.75 (NH 4 ) 0.25 SO 4 crystal (Fig. 4 ). As can be seen from the figure, a characteristic feature of PDOS is that two top VBs (from -3.1 to -1.3 and from -1.2 to 0 eV) are almost entirely formed by p-electrons of oxygen from SO 2− 4 anion complexes. An insignificant contribution to these two bands gives p-states of sulfur and nitrogen and s-electrons of hydrogen. Deeper levels of the valence band in the range from -4.8 to -8 eV are of a mixed origin and are formed by s-and p-states of sulfur and oxygen as well as s-states of hydrogen hybridized with p-states of nitrogen. States of potassium of a low intensity are also present here. Valence bands from -17.5 to -19 eV contain two similar sub-zones, one of which is formed by NH 4 group (sstates of nitrogen and hydrogen), and another -by SO 4 cationic complexes (s-states of oxygen hybridized with pstates of sulfur). Energy levels near -22.5 eV are formed mainly by s-states of sulfur S and oxygen O. Contribution of potassium atoms electronic states is major for VB at -28 eV.
The bottom of the CB is formed mainly by hydrogen atoms (s-states); higher areas of this band at E > 6.1 eV -by mixed set of chemical elements and orbital moments.
Obtained band structure of the K 1.75 (NH 4 ) 0.25 SO 4 crystal is quite similar to calculated for K 2 SO 4 [5] . An exception makes the fact that bottom of CB in K 1.75 (NH 4 ) 0.25 SO 4 is formed by states of hydrogen, while similar role in K 2 SO 4 is played by potassium states. This leads to decrease of band gap in the mixed crystal for about 0.4 eV in comparison with PS. Study of PDOS have also helped to reveal that observable "splitting" in the bottom of CB is caused by nearby situated potassium and hydrogen states.
Optical properties
Optical properties of materials can be studied by investigation of complex dielectric function ε(ω). Its imag-inary part ε 2 (ω) can be calculated from the momentum matrix elements between the occupied and unoccupied wave-functions [12] :
where u is polarization vector of incident photon; ψ c k and ψ v k are the CB and VB wave-functions in k-space, and r is electron position operator. The real part ε 1 (ω) of the dielectric function can be evaluated from the imaginary part ε 2 (ω) by the wellknown Kramers-Kronig relation
From the spectrum of real and imaginary parts of dielectric function, refractive indices n(ω) and absorption coefficients k(ω) can be obtained using the relations [13] :
Calculated frequency dependences of refractive indices along with absorption coefficients spectra for the Refractive indices dispersions for the K 1.75 (NH 4 ) 0.25 SO 4 are presented for the visible spectrum region in Fig. 6 . As can be seen from the figure, n i satisfy the relation n z > n x > n y on the whole presented region. Order of obtained curves coincides with experimental one [3] . Values of refractive indices are for about 5.5% lower than experimental ones. The difference is also that dispersion of theoretically obtained curves is of the same magnitude for three directions of crystal, while magnitudes for experimental dependences slightly differ, leading to the crossing n x = n y in the near IR spectrum region. Such discrepancies between first principles and experimental results are assumed to occur due to neglect of IR absorption of crystal in the calculation and presence of defects in real crystals.
4. Conclusions Performed first principle calculations of electronic and optical properties of K 1.75 (NH 4 ) 0.25 SO 4 single crystals in Pnma structure allow to make following conclusions.
Optimized before calculations crystal structure is close to obtained experimentally. All levels except the lowest ones of CB in the direction towards the center of BZ reveal low dispersion of electronic states E(k). The energy band gap of the crystal is of a direct type and corresponds to the optical transitions in the Γ point of the BZ with E g = 4.80 eV (GGA) and E g = 4.89 eV (LDA). The top of the VB is formed by p-electrons of oxygen. The bottom of the CB is formed mainly by s-states of hydrogen atoms.
In general, partial isomorphic substitution K→NH 4 (12.5%) is found to alter the band structure with changing the bottom levels of conduction band origin (potassium s-states → s-states of hydrogen) and thus lead to the decreasing of band gap value for about 0.4 eV.
Refractive indices dispersion of K 1.75 (NH 4 ) 0.25 SO 4 single crystal for three crystal optics directions is deduced from calculated dielectric functions. Obtained curves reveal character close to experimentally established ones in visible spectrum region but lay somewhat lower (within 5.5%). Calculation did not reveal the crossing of refractive indices curves in a near IR region in contradiction to statement made from experiment. Such discrepancies are assumed to occur due to neglect of IR absorption of crystal in the simulations and presence of defects in real crystal.
